abstract We used single-channel recording and model-based kinetic analyses to quantify the effects of mutations in the extracellular domain (ECD) of the ␣ -subunit of mouse muscle-type acetylcholine receptors (AChRs). The crystal structure of an acetylcholine binding protein (AChBP) suggests that the ECD is comprised of a ␤ -sandwich core that is surrounded by loops. Here we focus on loops 2 and 7, which lie at the interface of the AChR extracellular and transmembrane domains. Side chain substitutions in these loops primarily affect channel gating by either decreasing or increasing the gating equilibrium constant. Many of the mutations to the ␤ -core prevent the expression of functional AChRs, but of the mutants that did express almost all had wild-type behavior. Rate-equilibrium free energy relationship analyses reveal the presence of two contiguous, distinct synchronously-gating domains in the ␣ -subunit ECD that move sequentially during the AChR gating reaction. The transmitter-binding site/loop 5 domain moves first ( ⌽ ϭ 0.93) and is followed by the loop 2/loop 7 domain ( ⌽ ϭ 0.80). These movements precede that of the extracellular linker ( ⌽ ϭ 0.69). We hypothesize that AChR gating occurs as the stepwise movements of such domains that link the low-to-high affinity conformational change in the TBS with the low-tohigh conductance conformational change in the pore. 
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Nicotinic acetylcholine receptors (AChRs) are members of the ligand-gated ion channel superfamily and mediate fast neurotransmission at cholinergic synapses (Changeux and Edelstein, 1998; Colquhoun and Sakmann, 1998; Corringer et al., 2000; Unwin, 2000; Karlin, 2002) . These allosteric proteins are composed of five homologous subunits ( ␣ 2 ␤␦ at the adult nervemuscle synapse). Each subunit has two distinct modules-an extracellular domain (ECD) that in the ␣ -subunit contains the " ϩ " side of the transmitter-binding site (TBS), and a transmembrane domain (TMD) that forms the ion-conducting pore. The TBS and the middle of the TMD are separated by ‫ف‬ 50 Å (Fernando Valenzuela et al., 1994; Miyazawa et al., 1999) . The presence of a suitable ligand (i.e., an agonist) at the TBS triggers a concerted, global change in the protein's conformation that results in an increased agonist affinity of the TBS and an increased ionic conductance of the pore. The dynamics of the ECD during this "gating" reaction are the topic of this report.
The structure of the AChR ECD is homologous to that of the acetylcholine binding protein (AChBP) (Brejc et al., 2001) . The core of AChBP consists of a hydrophobic ␤ -sandwich with individual ␤ -strands connected by short stretches of hydrophilic amino acids (loops, numbered 1-10). Three of these loops in the AChR ␣ -subunit are located on the " ϩ " side of the subunit interface between the TBS and the membrane (Fig. 1) . Loop 2 bridges ␤ -strands 1 and 2, loop 5 links ␤ -strands 4 and 5 and contains binding segment A (Galzi et al., 1990) , and loop 7 spans ␤ -strands 6 and 7 and is also known as the "cys-loop" (Fig. 1) .
Functional and structural studies suggest that these loops participate in relaying the allosteric conformational change between the TBS and the TMD. In loop 5, which is near a central tryptophan residue in the TBS, mutations can cause substantial increases in the diliganded gating equilibrium constant but have little or no effect on agonist binding or desensitization (Chakrapani et al., 2003) . Because a change in equilibrium constant after a perturbation indicates a local movement, these studies suggest that loop 5 moves between "closed" and "open" conformations. Kinetic analyses of AChRs having mutation to loop 5 residues suggest that this region moves early and synchronously with the TBS during diliganded gating. Loop 2, loop 7, and the extracellular linker (EL; part of which includes the M2 transmembrane helix; Horenstein et al., 2001; Miyazawa et al., 2003) form the interface of the ECD and the TMD. Mutations of these regions alter the AChR gating equilibrium constant Shen et al., 2003) and increase the agonist EC 50 in the related glycine (Schofield et al., 2003) and GABA A receptors (Kash et al., 2003) . Thus, it is certain that ␣ -subunit residues in loop 2, loop 7, and the EL/ M2 move during gating. Kinetic analyses of AChRs having mutations to an EL/M2 residue suggest that this region moves later than the TBS during diliganded gating.
There have been two proposals regarding the roles of these three regions in the gating reaction mechanism. First, it has been suggested that an intramolecular, electrostatic interaction between loop 2, loop 7, and the EL/M2 is an important element that couples changes between the "closed" and "open" conformations specifically in GABA A receptors (Kash et al., 2003) . Second, Unwin and coworkers interpreted electron microscope images of Torpedo AChR (in alignment with AChBP) as indicating that the allosteric conformational change involves a 15 Њ rotation of the inner ␤ -sheets that is communicated to the TMD through a hydrophobic interaction between loop 2 and the EL/M2 (Unwin et al., 2002; Miyazawa et al., 2003) . Loop 7 is of particular interest because it is the signature "cys-loop" that defines membership in the pentameric-receptor channel superfamily. A mutation in loop 7 in the AChR ␣ -subunit has been shown to alter both binding and gating kinetics (Shen et al., 2003) , and studies in the GABA A receptor ␣ 1 -subunit suggests the involvement of the central D residue in the proposed electrostatic interaction with residues in loop 2 and the EL/M2 (Kash et al., 2003) .
We have coupled mutational studies with single-channel kinetic analyses in order to further identify regions in the ECD of the AChR ␣ -subunit that participate in the gating conformational change. Our results (summarized in Fig. 14) suggest that the ECD is organized into distinct, dynamic gating modules that move sequentially, as a linked system, during diliganded gating.
M A T E R I A L S A N D M E T H O D S

Expression and Mutagenesis
Mouse AChRs were expressed in human embryonic kidney cells (HEK 293) by transfection with calcium phosphate. cDNA clones of ␣ , ␤ , ␦ , and subunits in pRBG4 were used in the subunit ratio 2:1:1:1, respectively. The medium was changed 24 h after the addition of DNA and electrophysiological recordings began another 24 h later. All mutations were made using the QuikChange™ site-directed mutagenesis kit (Stratagene) and were confirmed by dideoxy sequencing.
Single-channel Recordings and Kinetic Analysis
Patch-clamp recordings were done in the cell-attached configuration. Pipettes were pulled from borosilicate capillaries, coated with Sylgard (Dow Corning) and fire polished to a resistance of 10-15 M ⍀ . Dulbecco's phosphate buffered saline-PBS (mM: 137 NaCl, 0.9 CaCl 2 , 2.7 KCl, 1.5 KH 2 PO 4 , 0.5 MgCl 2 , and 8.1 Na 2 HPO 4 , pH 7.3) was used in the bath. The pipette solution contained PBS plus agonist. The potential of the pipette was held at ϩ 70 mV, which in the cell-attached configuration corresponds to a membrane potential of Ϸ 100 mV. Single-channel currents were recorded using an Axopatch 200B amplifier (Axon Instruments, Inc.). The data were digitized at a sampling rate of 100 kHz after low-pass filtering to 20 kHz (8-pole Bessel).
All kinetic analyses were done using QuB software (www. qub.buffalo.edu). Idealization of the currents into noise-free intervals was done using the segmental k-means algorithm (SKM) at full bandwidth with a C ↔ O model (both rate constants ϭ 100 s Ϫ 1 ), or by a half-amplitude threshold-crossing algorithm after additional low-pass filtering to 2-5 kHz. Clusters of openings corresponding to a single channel were defined as a series of open intervals separated by closed intervals, all of which were shorter than a critical duration, crit , which was defined using a method that minimizes the total number of misclassified events (Jackson et al., 1983) . Model-based kinetic analyses of the idealized intervals were done using a maximum interval likelihood method (Qin et al., 1996) , with an imposed dead time of 25-50 s.
Scheme I was used to model the sequences of interval dwelltimes within clusters. A is the agonist and A 2 C (closed) and A 2 O (open) represent the endpoints of the diliganded gating reaction. AChRs in the A 2 C conformation have a low agonist affinity ( ‫ف‬ 150 M for ACh) and a low ionic conductance (essentially zero), while those in the A 2 O conformation have a high agonist affinity ( ‫ف‬ 10 nM for ACh) and a high ionic conductance ( ‫ف‬ 70 pS in physiological solutions). D stands for desensitized, which reflects an AChR having a high agonist affinity (like O) but is, for some undefined reason, nonconducting (like C; Auerbach and Akk, 1998) . The superscript "b" stands for channel-blocked, which also represents a high-affinity, nonconducting AChR, because of open-channel block by the agonist molecule.
The estimated ligand-binding rate constants were k ϩ and k Ϫ , which are the agonist association and dissociation rate constants pertaining to a single TBS. In our preparation the two TBS have essentially the same agonist affinity (Salamone et al., 1999) . The estimated gating rate constants were ␤ 2 and ␣ 2 , which are the channel-opening and -closing rate constants for diliganded AChRs. The equilibrium constants for binding and gating were calculated from the ratios of the rate constants (
To ascertain whether a mutation increased or decreased the probability of channel opening (or had no effect), we examined currents activated by 30 M ACh, which is approximately the EC 50 (cluster P open Ϸ 0.5) for wt AChRs. For more extensive kinetic modeling, interval durations were also obtained at several different concentrations of ACh and were fitted jointly by Scheme I, i.e., one set of rate constants for all concentrations with k ϩ scaled linearly by the agonist concentration. The number of clusters that were recorded from each patch depended on the expression level of that particular construct. The number of interval durations at each concentration ranged from 478 to 95,034 (average ϭ 27,231). In many cases we sought to estimate only the diliganded gating rate constants. Accordingly, we used a saturating concentration of agonist (20 mM choline or 1-2 mM ACh, which is Ͼ 5-times higher than the respective K d ) so that the intervals within clusters mainly arose from gating rather than binding events.
SCHEME I
We find it difficult to estimate activation rate constants for constructs in which the average lifetime of A 2 C ( ‫ف‬ 10 s) is shorter than our time resolution ( Ն 25 s). Wild-type AChRs activated by ACh fall into this category (Maconochie and Steinbach, 1998) . Therefore, in order to study constructs which had even larger opening rate constants with ACh we used the weak agonist choline, which supports (in wt AChRs) a diliganded gating equilibrium constant that is 500-times smaller than ACh .
For both ACh and choline the saturating concentrations that we used are approximately equal to the equilibrium dissociation constant for (fast) open-channel block by the agonist at Ϫ 100 mV (Auerbach and Akk, 1998; . Thus, because of unresolved channel block, the single-channel current amplitudes were decreased and the apparent open-channel lifetimes were increased by ‫ف‬ 2-fold. To estimate the true channel-closing rate constant, we measured the inverse of the open-channel lifetimes of AChRs activated by a low concentration of agonist (1 M ACh and 400 M choline), where channelblock was negligible. Further, to correct for choline dissociation from open AChRs, we subtracted a value of 200 s Ϫ 1 from the closing rate constant estimate (Cymes et al., 2002) . No such correction was needed for ACh because its dissociation from open AChRs is negligible compared with the closing rate constant (Grosman and Auerbach, 2001) .
Loop 2 is composed of residues 45-48 in the mouse ␣ -subunit (EVNQ; Fig. 1 and Table I ). We examined the consequences of point mutations at three of these four residues with regard to both the ligand-binding and channel-gating rate and equilibrium constants. Fig. 2 shows currents elicited by 30 M ACh in wt and five V46 mutant AChRs. V46I modestly increased the cluster open probability (P open ), V46A, V46E, V46M, and V46Y significantly decreased this parameter. Using a saturating concentration of choline as the agonist, we found that V46I increased the diliganded gating equilibrium constant (L 2 ), mainly by increasing the channel opening rate constant (Table II) . Because the A, E, M, and Y substitutions decreased P open they were studied further using ACh as the agonist (Fig. 3 and Table III) . The M and Y substitutions decreased L 2 (5.5-and 8.7-fold, respectively) mainly by decreasing the channel opening rate constant. V46M did not affect the ACh association or dissociation rate constants, while V46Y caused a small (2.7-fold) decrease in the agonist dissociation rate constant.
For the A and E mutants, L 2 was very small and at ACh concentrations Ͻ 400 M the currents were not organized into well-defined clusters. This prevented us from using model-based kinetic analyses to estimate the agonist association and dissociation rate constants. However, by using low and saturating concentrations of ACh we were able to estimate the channel-closing and 
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Sequence alignment of loop 2 in AChBP and subunits from pentameric, "cys-loop" receptor-channels. The line marks loop 2 in AChBP. The * marks the putative beginning and end of loop 2. In the alignment, M denotes mouse, B, bovine; T, Torpedo; X, Xenopus; R, rat; and H, human.
344
Dynamics of AChR Gating
-opening rate constants respectively, and their ratio, L 2 . As was the case for the other mutations, the A and E substitutions changed L 2 (77-and 200-fold decreases, respectively) mainly by altering the channel-opening rate constant (Table II) . The adjacent loop 2 residue, N47, was mutated to D, L, K, and A (Fig. 4) . Two of these perturbations (D and L) decreased and two (K and A) increased L 2 . For the D and L constructs we were able to estimate both AChbinding and channel-gating parameters (Fig. 5 ). These substitutions did not significantly alter the rate constants for ACh association/dissociation to resting AChRs, but they decreased L 2 (5.3-and 9.0-fold), predominantly by decreasing the opening rate constant (Table II and (Table II) .
T A B L E I I
Gating Rate Constants for Loop 2 Constructs
Wt 100 2,100 50,000 2,000 1.000 The diliganded channel-opening (␤ 2 Choline ) and -closing (␣ 2 Choline ) rate constants for choline were estimated from single-channel currents elicited by 20 and 0.4 mM choline, respectively. The opening (␤ 2 ACh ) and closing (␣ 2 ACh ) rate constants for ACh were estimated from model-based kinetic analysis of clusters elicited at different concentrations of ACh. The diliganded gating equilibrium constant L 2 was calculated as the ratio ␤ 2 /␣ 2 . "L 2 ratio" is the ratio of L 2 for the mutation and the wild-type. NFC denotes no functional channels either due to loss of expression or function or both. The K and A constructs increased L 2 and were therefore studied in the presence of choline. In these mutants the channel opening rate constants were ‫-6ف‬ and ‫-9ف‬fold faster than the wt, respectively (Table II) . A plot of the physicochemical properties of the mutant side chain versus L 2 shows that for ␣N47 there is no apparent correlation between side chain hydrophobicity or volume and the observed effect on the gating equilibrium constant (Fig. 6 ). For residue ␣V46 there was a tendency for constructs with more polar side chains to have smaller L 2 -values.
T A B L E I I I
Binding Equilibrium Constants of Loop 2 Constructs Activated by ACh
At the next loop 2 residue, Q48, we examined three side chain substitutions (Fig. 7 A) . The K substitution decreased L 2 ‫-62ف‬fold, mainly by reducing the channel- The solid lines are probability density functions calculated from the rate constants of Scheme I obtained from a joint fit across all concentrations. Neither of these mutations had a significant effect on agonist binding to closed AChRs (Table III) . For both classes of mutation the effect on cluster P open was mainly due to a change in the closed-interval lifetime (Table II) .
opening rate constant. This mutation did not alter the agonist association rate, but it caused a modest, ‫-5.2ف‬ fold decrease in the agonist dissociation rate constant ( Fig. 8 and Table III ). The V substitution led to a complete loss of activity (no openings were apparent in Ͼ30 patches at various agonist concentrations using both choline and ACh; unpublished data). Apparently, this mutant prevents AChR expression, gating, or both. Finally, the A substitution increased L 2 by ‫-6ف‬fold (Fig. 7  B and Table II ). However, in this latter construct both the channel-opening and -closing rate constants were greater than the wt. This behavior is unusual and is discussed in more detail, below. None of the loop 2 mutants had any significant effect on AChR desensitization.
To summarize, the loop 2 point substitutions either increased or decreased gating, but had little or no effect on agonist binding or desensitization. Of the 12 mutant constructs that we studied, the maximum change in the gating equilibrium constant was ‫-002ف‬ fold, which pertains to AChRs having both ␣-subunit residues mutated. In all the mutants that we investigated the change in the gating equilibrium constant was mainly caused by a change in the channel-opening rate constant. Figure 5 . ␣N47D: kinetic analysis across concentrations. Representative clusters and dwell time histograms, with superimposed probability density functions calculated from the rate constants of Scheme I obtained from a joint fit across all concentrations. This mutation had no effect on ACh association or dissociation to closed AChRs (Table III) . 
Loop 7
Loop 7 is the 13-residue "cys-loop" (C-X 13 -C) that is the hallmark of membership in the pentameric family of ligand-gated ion channels. The two flanking cysteine residues form a disulfide bond that binds the ␤-sandwich core (Brejc et al., 2001 ). The central residues of loop 7, FPFD, are highly conserved among receptor subunits (Table IV) . We studied the effects of sidechain substitutions at the D position in this motif (␣138) and at five other loop 7 positions (Fig. 9) . Three of the mutant constructs did not express functional channels or led to complete loss of activity (F137A, D138A, D138K; unpublished data), three modestly increased L 2 , and the remaining four decreased L 2 . However, in only two of these constructs, F135A and Q140A, were the changes in L 2 substantial (Ͼ5-fold) ( Table V) .
We were able to measure ACh association and dissociation rate constants in three loop 7 mutants ( Fig. 10 and 11, and Table VI) . In all cases, the change in K d was Ͻ2.5-fold. We also did not detect an effect of any of the loop 7 substitutions on desensitization.
The two mutants that showed large effects on gating were F135A and Q140A. F135 is the initial residue of (Table II) . Figure 8 . ␣Q48K: kinetic analysis across concentrations. Representative clusters and dwell time histograms, with superimposed probability density functions calculated from the rate constants of Scheme I obtained from a joint fit across all concentrations. This mutation did not have a significant effect on ACh association or dissociation to closed AChRs (Table III) .
the FPFD motif and is strictly conserved in all AChRs and other members of the superfamily. For the A substitution, the open interval distributions (at all concentrations of ACh) were unusual because they had two distinct kinetic components (Fig. 11 A) . This indicates the presence of two open states. We extended Scheme I accordingly, by connecting a second open state, in turn, to each of the other states (except A 2 O b ) in the model. The result was that one scheme, in which the two open states were each connected to the diliganded closed state A 2 C, consistently produced a log likelihood that was Ͼ10 units greater than with the other schemes. We therefore conclude that in F135A there are two, uncou- The diliganded channel opening rate constants for choline were estimated from single-channel currents elicited by 20 and 0.4 mM choline, respectively. The opening rate constants for ACh were estimated from model-based kinetic analysis of clusters elicited at different concentrations of ACh. The L 2 was calculated as the ratio ␤ 2 /␣ 2 . "L 2 ratio" is the ratio of L 2 for the mutation and the wild-type. NFC denotes no functional channels either due to loss of expression or function or both.
pled gating reactions. Our kinetic analyses indicate that this mutation causes only a small (Ͻ2-fold) change in the ACh binding and desensitization rate constants, but a large (‫-521ف‬fold) decrease in the (main) gating equilibrium constant, mainly because of a decrease in the channel-opening rate constant (Table V) . The opening and closing rate constants for the secondary gating reaction were fivefold lower and 15-fold higher than wt. At position Q140, an L substitution caused a smallbut-measurable (‫-2ف‬fold) decrease in gating, and had no effect on ligand-binding or desensitization (Table V and VI). Similar to F135A, Q140A exhibited two open states (Fig. 11 B) . Again, a statistical analysis of various schemes indicated that the two open states are likely to each connect independently to state A 2 C of Scheme I. In this construct, we detected a small decrease in the ACh dissociation rate constant but no change in the agonist association rate constant (Table VI) . However, this mutation caused a large (26-fold) decrease in the gating equilibrium constant, mainly by reducing the open- Figure 10 . ␣H134S: kinetic analysis across concentrations. Representative clusters and dwell time histograms, with superimposed probability density functions calculated from the rate constants of Scheme I obtained from a joint fit across all concentrations. The ␣H134S mutant had no significant effect on agonist binding (Table VI) . ing rate constant ( Table V) . The opening and closing rate constants for the secondary gating reaction were fourfold lower and 10-fold higher than wt.
To summarize, all but two of the loop 7 side-chain substitutions we investigated had only minor effects on the gating equilibrium constant, and several caused the loss of expression of functional AChRs. We did not detect a significant effect of any substitutions on ligand binding to the closed-conformation TBS or to desensitization. In the two loop 7 mutations that substantially increased L 2 , a secondary diliganded gating reaction was apparent.
␤-Strand Residues
A comparison of electron microscopic images of AChRs in the presence and the absence of agonist led Unwin et al. (2002) to suggest that there is an internal movement of the ␤-cores of the two ␣-subunits during gating. We studied 42 point-substitutions spread over 21 different positions on the ␤-strands and elsewhere in the ␣-subunit ECD (Table VII) . Of these, about half (n ϭ 22) had wt gating rate constants (Ͻ3-fold change) and about one-third (n ϭ 15) resulted in loss of expression of functional channels. Three mutants had modestly increased the gating equilibrium constant, R20L (‫-6.3ف‬fold), L40A (‫-4ف‬fold), and A122L (‫-5.3ف‬fold).
The only position that showed a significant sensitivity with regard to gating was M144. We examined the kinetic behavior of eight different side chains at this position. The E/G/K substitutions led to complete loss of functional receptors and T/I/A substitutions had no measurable effect. M144L caused a ‫-5.6ف‬fold increase and M144S caused a ‫-4.4ف‬fold decrease in L 2 (Fig. 12) . In both cases the effect was mainly by altering the opening rate constant. In M144S receptors (activated by ACh), the agonist association (130 M Ϫ1 s Ϫ1 ) and dissociation (22,019 s Ϫ1 ) rate constants, and hence the equilibrium dissociation constant (169 M), were the same as in wt AChRs.
REFER Analyses
We can interpret the rate constants for diliganded gating in the ECD mutants in the framework of rate-equilibrium free energy relationships (REFERs). When linear, the slope of this relationship, ⌽, is an estimate of the extent to which the site of the perturbation has adopted its "open" structure at the transition state of the gating reaction . This, in turn, provides a map of the temporal sequence of residue motions during protein conformational change (Itzhaki et al., 1995; Villegas et al., 1998; Ternstrom et al., 1999; .
A REFER analysis of loop 2 is shown in Fig. 13 A. We omitted Q48A from this plot because this substitution results in an increase in both the forward and the reverse rate constants for the gating reaction, which implies that for this case the underlying assumption of REFER analysis (that the energetic effect of a perturbation on the transition state is a linear combination of its effects on the ground states) was invalid. Thus, in Q48A there appears to be a "catalytic" effect of the A substitution that independently lowers the transition state energy. Substantial catalytic effects are rare, but not unprecedented, in AChR gating (Cymes et al., 2002) .
The overall ⌽-value for loop 2 is 0.806 Ϯ 0.052. This indicates that loop 2 moves relatively early during the channel-opening process. The ⌽-value for loop 2 is sig- (Table VII) .
T A B L E V I
Binding Equilibrium Constants of Loop 7 Constructs Activated by ACh
nificantly lower than that of the TBS (0.931 Ϯ 0.035; ) and loop 5 (0.936 Ϯ 0.012; Chakrapani et al., 2003) . Therefore, we conclude that the movement of loop 2 follows that of the TBS/loop 5 domain during channel opening. By combining the loop 2 results into a single REFER plot we have assumed that all of the residues in this loop move synchronously. The r-value for this plot was 0.98, which supports this assumption. A REFER analysis of loop 7 is shown in Fig. 13 B. The overall ⌽-value for loop 7 is 0.776 Ϯ 0.034, with an r-value (0.99) that, again, supports the notion that the residues in this loop move in synchrony. This ⌽-value is smaller than that of the TBS/loop 5 domain but is indistinguishable from that of loop 2 (Cymes et al., 2002) . This suggests that during gating loop 2 and loop 7 move synchronously, and that this movement follows the movement of the TBS/loop 5 domain.
For those constructs that resulted in functional AChRs, point-mutations of the ␤-strands had only small effects on gating. The main exception was position M144 (on ␤-strand 7), and a REFER analysis of this site (Fig. 13 C) yielded a ⌽-value of 0.841 Ϯ 0.059. This suggests that during channel opening, conformational changes in this region of the ␤7 strand occur close in time to the movement of loop 2/loop 7. These mutations caused a Ͻ6.5-fold change in L 2 and, because the error in the ⌽-estimate is likely to be large with such a small excursion in L 2 , we cannot conclude with certainty whether this region moves marginally in advance of, or synchronously with, the loop 2/loop 7 domain.
We also performed a REFER analysis for the secondary gating mode of the F135A and Q140A mutants (Fig.  13 D) . The ⌽-value for these two sites was 0.374 Ϯ 0.0. We do not understand the nature or functional consequence(s) of this reaction, but this observation suggests that loop 7 moves relatively late in this secondary gating reaction.
Finally, the ␤-strand mutation L40A increased L 2 , but only by ‫-4ف‬fold. A two-point REFER analysis of this position yields a ⌽-value of 0.818. This residue is located in the vicinity of loop 2 and loop 7, and this ⌽-value is consistent with the idea that this residue belongs to the loop 2/loop 7 gating domain.
D I S C U S S I O N
We studied the kinetic behavior of 64 mutants (30 different residues) of the AChR ␣-subunit ECD. The diliganded channel-opening and -closing rate constants (and hence the equilibrium gating constant L 2 ) were estimated for all of these, and the closed-channel ligand-association and -dissociation rate constants (and hence the equilibrium dissociation constant K d ) were estimated in 13 constructs. This body of work concerning loop 2, loop 7, and the ␤-strands complements our previous studies of loop 5 (Chakrapani et al., 2003) and the EL/M2 and provides a comprehensive view of the dynamic behavior of the EDC of the ␣-subunit during diliganded gating. We note that other regions of the ␣-subunit ECD still remain to be explored, including the NH 2 terminus, loops 8 and 10 on the "ϩ" subunit interface, loops 6 
Choline and ␣ 2 Choline were estimated from single-channel currents elicited by 20 and 0.4 mM choline, respectively. ␤ 2 ACh and ␣ 2 ACh were estimated from model-based kinetic analysis of clusters elicited at different concentrations of ACh. L 2 was calculated as the ratio ␤ 2 /␣ 2 . "L 2 ratio" is the ratio of L 2 for the mutation and the wild-type. NFC denotes no functional channels either due to loss of expression or function or both. and 9 on the "Ϫ" subunit interface and the COOH-terminal tail that follows the M4 segment of the TMD.
There was no indication that any of the mutations that we studied in loop 2, loop 5, or the ␤-strands had a significant effect on agonist binding to closed AChRs. The central residue of the TBS is a tryptophan (␣W149; Fig. 1 ). Previous results indicate that mutations of the apex of loop 5 ‫51ف(‬ Å from ␣W149) or ␣D200 ‫01ف(‬ Å from ␣W149) similarly do not alter the closed-channel K d (Akk et al., 1996; Chakrapani et al., 2003) . These results suggest that the affinity of the closed-state TBS for ACh is determined mainly by residues that are in the immediate vicinity of ␣W149. Exceptions include M1 residues ␣N217K (Wang et al., 1997) and L221F (Hatton et al., 2003) , both of which have been shown to influence agonist affinity but are distant from the TBS.
Although our exploration of desensitization was superficial, we did not observe any significant effect of any mutation on this process. The structural determinants of desensitization remain mysterious, but it seems that many residues of the TBS (Akk et al., 1999) , loop 5 (Chakrapani et al., 2003) , and, now, loop 2, loop 7, and the ␤-core are not significant players in this process.
The main focus of this report is the channel-gating reaction mechanism. Two different kinds of map emerge from our studies. First, the map of ⌽-values provides a glimpse of the spatial organization and relative timing of the movements that occur during gating. Second, a map of the sensitivity of the equilibrium constant to perturbations (⌬G 0 in k B T units, where k B is the Boltzmann constant, T is the absolute temperature, and ⌬G 0 ϭ ln[mutant L 2 /wt L 2 ]) suggests the extent of the participation of the perturbed region. It is, however, very difficult to draw firm conclusions from this second map. The relationship between energetic sensitivity and molecular motion is highly complex. In particular, whereas an effect of a mutation on the equilibrium constant implies motion, a negative result (no effect of a mutation) does not imply the lack of motion. If the environments of the side-chain were similar between C and O conformations, we would not expect to observe an effect on the reaction equilibrium constant, even if the residue had moved. In addition, we only examined a handful of substitutions at each position. Often, different side chains have extremely variable consequences, so the absence of an effect of one or two mutations does not necessarily imply insensitivity.
A change in L 2 can arise from a change in the unliganded equilibrium gating constant L 0 , a change in the TBS closed/open equilibrium dissociation constant (K d /J d ) ratio, or both. In loop 5, mutations increase L 2 specifically by increasing L 0 (Chakrapani et al., 2003) , as is also the case for TMD residue ␦268 . Therefore, we speculate that the changes in L 2 that were apparent with the loop 2, loop 7, and ␤-strand mutations also arise mainly or exclusively from parallel changes in L 0 . Our conclusion that K d is unaltered by many of these mutations supports this speculation, although direct measurements of J d or L 0 are needed to confirm it definitively. Figure 13 . Rate-equilibrium free energy relationships. The y-axis is the log of the channel-opening rate constant, and the x-axis is the log of the diliganded-gating equilibrium constant. The ⌽-values are the slopes of the linear fits Ϯ SD. In all panels, the wt value is shown as an open circle. (A) The overall ⌽-value for loop 2 is 0.81, which indicates that during diliganded opening this domain moves after the TBS and loop 5 (⌽ ϭ 0.93) but before residue ␣S269 (⌽ ϭ 0.69) in the EL/M2. (B) The ⌽-value for the main gating reaction for loop 7 is 0.78. This value is indistinguishable from that of loop 2, thus these two domains move synchronously in the diliganded gating reaction. (C) The ⌽-value for position ␣M144 is 0.84. We suspect that this residue moves in synchrony with loop 2 and 7. (B) The ⌽-value for the secondary gating reaction for loop 7 is 0.37, which indicates that this domain moves relatively late in this reaction.
Interestingly, the mutations of residues in loop 2, loop 7, and the EL, which all lie at the ECD-TMD interface, either increase or decrease L 2 . This is in contrast to TMD/ loop 5 mutations that mostly increase L 2 and TBS mutations that mostly decrease L 2 . This suggests that in wt AChRs most TMD/loop 5 residues are optimized to increase the relative stability of the low-affinity, closedchannel conformation and that most TBS residues are optimized to increase the relative stability of the high-affinity, open-channel conformation. The interfacial loop 2/loop 7/EL residues are in between these extremes.
In single positions that have been mutated extensively-for example, ␣D97 (n ϭ 17 side chains), ␣N47 (n ϭ 4), ␣M144 (n ϭ 8) and ␦S268 (n ϭ 12)-there is no unambiguous correlation between the magnitude of the effect on L 2 and the chemical properties of the side chain. Without explicit structural information and when only a handful of substitutions of a given residue are examined, caution must be exercised in this aspect of relating structure to function.
Anomalous Gating Behaviors
We observed two kinetic behaviors that are unusual and can therefore be characterized as "anomalous". First, in two of the loop 7 constructs, F135A and Q140A, there were two diliganded open states. In both of these mutants, our analyses indicate that the two open states are uncoupled and arise as independent gating reactions from the diliganded-closed state. Sine and coworkers also observed two open states in a TMD (␣M3) mutation, although their studies led them to conclude that the two open states are coupled (Wang et al., 1999) . The functional significance (if any) and the structural correlates of this secondary gating reaction are not quite clear. However, the low ⌽-values for the loop 7 mutants for this reaction (⌽ ϭ 0.37) suggest that this Figure 14 . A ⌽-map of the AChR. A model of the AChR (␣-and ␦-subunits) with residues color-coded according to their ⌽-values for diliganded gating. The AChR is organized into contiguous, discrete, and synchronous domains that move sequentially, each as a rigid body, during gating. During channel opening, the TBS/loop 5 gating domain is the first to undergo a conformational change (red; ⌽ ϭ 0.93), followed by the loop 2/loop 7/M144 gating domain (yellow; ⌽ ϭ 0.80), followed by residue ␣S269 in the extracellular linker/␣M2 (in green; ⌽ ϭ 0.69), followed by the upper part of ␦M2 (blue; ⌽ ϭ 0.32), and then the lower half of ␦M2 (magenta; ⌽ ϭ 0.0). The extracellular domain is AChBP (Brejc et al., 2001) and the membrane domain is from Torpedo AChR (Miyazawa et al., 2003) . The residues whose ⌽-values were estimated independently are (Akk et al., 1996 (Akk et al., , 1999 Grosman et al., 2000a,b; Cymes et al., 2002; Chakrapani et al., 2003) : ␣TBS (D200, D152, Y93, W149, Y198), ␣loop 5 (L92, Y93, N94, N95, A96, D97, G98, D99, F100), ␣loopdomain is mostly closed-like at the transition state of this reaction whereas it is mostly open-like at the transition state for the main gating reaction (⌽ ϭ 0.77).
The second anomalous kinetic behavior pertains to construct Q48A, in loop 2. This substitution increased both the channel opening and closing rate constants. A two-point REFER analysis gives a ⌽-value of 1.6, which suggests a "catalytic" effect wherein the mutation stabilized the transition state to an extent greater than expected solely from the change in the relative stability of the ground states. Although some of the scatter in RE-FER plots from other sites undoubtedly arises from small catalytic effects (see , for an example), in AChR diliganded gating large violations of the essential REFER assumption are rare. Of the Ͼ100 positions that we have examined overall, so far only ␣Q48A and ␦A266T, L and N, which is near the middle of the ␦M2 segment (Cymes et al., 2002) , show extreme versions of this anomalous behavior. As yet, we are unable to discern a pattern for this behavior with respect either to location in the AChR or side chain properties relative to the wt.
Relevance to Proposed Gating Mechanisms
Our study supports the hypothesis that loop 2 and 7 are dynamic modules that couple agonist binding in the extracellular domain (specifically, the movement of the TBS/loop 5 domain) to the conformational changes in the EL/M2 and the membrane domain (Kash et al., 2003; Miyazawa et al., 2003) . Our results shed additional light on these proposed gating reaction mechanisms.
In GABA A receptors, charge reversal mutations increased the EC 50 of the agonist, which led to the proposal that an electrostatic interaction between D57 (N47 in the AChR) in loop 2 with K279 (S266) in the EL/M2 is a component of the relay of the gating conformational change (Kash et al., 2003) . In our experiments there was no correlation between the charge or volume of the N47 side chain and the effects on L 2 (Fig. 4) . Hence, an electrostatic interaction between loop 2 and other regions of the protein is not likely to be a general gating mechanism that pertains to AChRs. However, in our studies we have not probed the role of an adjacent residue E45, hence the involvement of E45 in an electrostatic interaction with loop 7 and EL cannot be ruled out.
Along similar lines of evidence, an electrostatic interaction between the conserved D138 in loop 7 with the EL/M2 was proposed to be a critical element of gating in both GABA A and glycine receptors (Schofield et al., 2003) . In our experiments, mutating the corresponding residue (D138) to A and K caused a complete loss of activity (expression, gating, or both), whereas a charge-conserving mutation (E) increased L 2 by threefold. While these results are consistent with the proposed loop 7-EL/M2 electrostatic interaction, a more extensive mutational scan is needed to further explore this hypothesis.
Based on electron microscope images of Torpedo AChRs, it has been suggested that the loop 2 residue V46 participates in a hydrophobic interaction with the EL/M2 to drive channel gating (Miyazawa et al., 2003) . Although these images are not at atomic resolution, this "pin-into-socket" interaction was proposed as the only apparent direct structural link between the ECD and the TMD. In this model, a rotational movement of the inner ␤-sheet, brought about by agonist binding, is communicated through loop 2 to the M2 helices, which in turn relays its motion to a hydrophobic girdle that forms the "gate" of the channel.
We studied five side chain substitutions of varying hydrophobicity for ␣-subunit loop 2 residue V46. Mutation to I (more hydrophobic) increased L 2 , and mutation to Y, A, or E (less hydrophobic) decreased L 2 . However, mutation to M (more hydrophobic) also decreased L 2 . We suspect that side chain hydrophobicity is one factor that determines L 2 , but that other factors (such as side chain volume) also come into play. Further structural, mutational, and computational studies should help define the interaction sites and parameters more precisely.
From a comparison of electron images of AChRs (with and without agonist) and the structure of AChBP, Unwin and coworkers have suggested that the agonistmediated channel opening involves 15Њ rotations of the inner ␤-sheets of ␣-subunit, about an axis passing through the disulfide bridge and normal to the plane of the membrane (Unwin et al., 2002) . In this proposed mechanism the maximum relative displacement of the ␤-sheets occurs at midlevel, where the innersheet curls around to meet the outer sheet. If these structural changes are accompanied by changes in the local side chain environments we would expect to observe effects on the gating equilibrium constant consequent to the mutation of these residues. However, of the 26 mutations in this region of the ␣-subunit (L35, L40, V54, R55, L56, P120, A122, S126, S143, M144, L146) only three (M144L, M144S, and L40A) had even a modest effect on L 2 (7-, 4-, and 4-fold, respectively, with mutations in both ␣-subunits). These results suggest that these side chains do not experience a significant change in their local environments when the channel switches from a closed to an open conformation. However, for a residue that moves during gating, if the local environment of the side chain remains constant between "closed" and "open" positions we would not expect to detect a change in L 2 . Our results are inconsistent with the ␤-sheet rotation hypothesis, but they cannot be taken as absolute proof against it.
The ␤-core is comprised mainly of hydrophobic amino acids. Our results show that AChRs are highly sensitive to polar side-chain substitution at residues in this domain. An examination reveals that all of the mutations (except G114A) that led to loss of activity involved substitutions with a more polar side-chain. G114 is present at the start of the ␤6 strand where the ␤5Ј-␤6 loop turns and hence this position may be sensitive to any side-chain substitution.
M144 is a part of the ␤7 strand, which supports loop 8 and W149 (the "floor" of the TBS). Of the eight mutations investigated at this position two (M144L and M144S) had a modest effect on L 2 (seven-and fourfold respectively), three had no significant effect on L 2 , and three failed to show activity. Interestingly, in M144S the agonist association and dissociation rate constants were unaltered, which again emphasizes the local nature of the determinants of agonist affinity.
The Dynamic Organization of Gating
Fig. 14 shows a map of diliganded-gating ⌽-values for the ␣-subunit ECD and the ␦-subunit TMD (Cymes et al., 2002) . So far, the ECD regions that have been mapped are the TBS , loop 5 (Chakrapani et al., 2003) , loop 2, loop 7, the ␤-core, and part of the EL/M2 .
This map has several notable features. First, there is a spatial gradient of ⌽-values, from ‫1ف‬ at the TBS to ‫0ف‬ below the middle of the membrane in the ␦-subunit. This pattern led to the proposal that AChR gating occurs as a reversible "conformational wave", wherein the movements of TBS residues precede those of the membrane domain during channel opening . ⌽-maps of other AChR regions, most notably the ␣-subunit TMD, are needed to complete and perhaps modify this view of gating.
Second, the map appears to be organized into discrete, contiguous domains within which all of the residues have the same ⌽-value. This suggests that the gating "conformational wave" is granular. The uniformity of the ⌽-value within a domain implies that the atoms move synchronously, i.e., as a rigid body. The residues in the TBS/loop 5 domain all have ⌽ ϭ 0.93. Those in the loop 2/loop 7 domain have ⌽ ϭ 0.80. One residue in the EL/M2 (␣S269I) has ⌽ ϭ 0.69 . Residues in the upper-half of ␦M2 have ⌽ ϭ 0.32, whereas those in the lower half have ⌽ ϭ 0.0 (Cymes et al., 2002) . Although the spatial boundaries of these domains have not been fully explored, it appears that they each span ‫02-01ف‬ Å and consist of on the order of dozens of residues.
It is important to consider whether or not the gating domains are indeed discrete. ⌽-values measurements are inherently imprecise when the changes in L 2 are small (Cymes et al., 2002) , and they fail to provide information on the relative sequences of motion as they approach at their saturation limits, 0 and 1. In addition, the atomic structure of AChRs is still not known. It is therefore difficult to establish with certainty whether the ⌽-values we have measured in AChR gating define discrete structural entities.
Our results suggest that they do. For example, in AChBP the C ␤ atom of W153 (␣W149 in the AChR, at the heart of the TBS) and the C ␦ carbon of I92 (the apex of loop 5) are separated by 18 Å, yet these two sidechains in AChRs both have ⌽ ϭ 0.93. In contrast, this atom of I92 in AChBP and the C ␤ atom of N47 (in loop 2) approach within 8 Å, yet in the AChR these two side-chains have distinct ⌽-values (0.93 and 0.81). More dramatically, recent structural analyses of the transmembrane region (Miyazawa et al., 2003) indicates that atoms of the M2 12Ј and 10Ј side-chains might be separated by Ͻ5.0 Å, but kinetic analyses indicate that in the ␦-subunit these two positions belong to distinct domains with ⌽ ϭ 0.3 and 0.0, respectively (Cymes et al., 2002) . Although the structure of the AChR needs to be refined, the current evidence suggests that AChR residues are organized into discrete, contiguous, synchronously-moving gating domains.
We hypothesize that the occupancy of the TBS by an agonist induces a local structural "defect" that causes the TBS/loop 5 gating domain to move as a rigid body. This movement, in turn, induces a localized structural defect(s) in the adjacent loop 2/loop 7 domain (and perhaps elsewhere), which then moves. The loop 2/loop 7 movement is coupled to the movement of the EL/M2 domain, and so on. In this mechanism, gating occurs as the stepwise propagation, or diffusion, of a conformational defect through the protein, eventually linking localized structural changes at the TBS consequent to ligand binding with localized conformational changes in the pore that regulate ionic conduction.
Our results suggest that the reversible AChR gating "conformational wave" arises from the coupled movements of a few kinematic elements. We speculate that each element can adopt an "active" or "inactive" conformation, with the probability of being "active" depending on the status of its neighbors. Although a protein with N two-state gating domains can adopt 2 N conformations, coupling between domains could constrict the conformational space to only N ϩ 1 sequentially-occupied states. Such an organized, linked, motion of rigid bodies may serve to quicken the dynamics of the AChR allosteric conformational change.
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